Uropathogenic Escherichia coli invade bladder epithelial cells (BECs) by direct entry into specialized cAMP regulated exocytic compartments. Remarkably, a significant number of these intracellular bacteria are subsequently expelled in a nonlytic and piecemeal fashion by infected BECs. Here, we report that expulsion of intracellular E. coli by infected BECs is initiated by the pattern recognition receptor, Toll-like receptor (TLR)4, after activation by LPS. Also, we reveal that caveolin-1, Rab27b, PKA, and MyRIP are components of the exocytic compartment, and that they form a complex involved in the exocytosis of bacteria. This capacity of TLR4 to mediate the expulsion of intracellular bacteria from infected cells represents a previously unrecognized function for this innate immune receptor.
D
uring their lifetimes, 10-20% of American females will receive medical attention for a urinary tract infection (UTI), and Ϸ3% will experience more than one infection per year (1, 2) . UTIs represent the second leading cause of physician visits in the U.S., costing the health care system over $2 billion per year (1, 2) . Interestingly, when compared with other mucosal surfaces, the UT is difficult to colonize. Much of the resistance of the UT is attributable to the flushing actions of urine and to the impermeability of the epithelial lining. Because of their specialized role in storing urine, the apical surface of superficial bladder epithelial cells (BECs) is lined by scalloped-shaped plaques comprising a tightly interlaced latticework of proteins called uroplakins (3) . These proteins are closely associated with a collection of lipids, sphingolipids, and cholesterol, often referred to as lipid rafts that cumulatively constitute a surface that is highly impregnable to urine, solutes, and potential pathogens (3) .
Uropathogenic Escherichia coli (UPEC) are uniquely successful in overcoming the bladder defenses, accounting for Ͼ85% of all bladder infections. The singular success of UPEC in the UT is ascribed primarily to its capacity to penetrate and harbor within the superficial BECs (4) . Several studies have reported that UPEC also assume distinct intracellular shapes and form ''intracellular bacterial communities'' (IBCs) in the cytoplasm of superficial epithelial cells of both rodent and human bladders (5) (6) (7) . This ability of UPEC to successfully breach the mucosal barrier and colonize these cells represents a critical initiating event in the development of UTIs.
E. coli invasion of BECs has been reported to involve several components of lipid rafts such as caveolin-1, an integral membrane protein found in the inner leaflet of the lipid bilayer on many mammalian cells, and Rac1, a member of the Rho family of GTPases (8) . A remarkable aspect of E. coli entry into BECs came from the recent finding that, after entry, the bacteria were harbored within specialized exocytic vesicles (9) . These compartments (or fusiform vesicles) in BECs perform an important physiologic function by providing the necessary membranes required for bladder expansion. As urine volume increases, these vesicles fuse with the apical bladder surface in a cAMP-dependent manner allowing bladder expansion. That E. coli are harbored in fusiform compartments of infected BECs was confirmed by an immune microscopy, which revealed bacteria encased in membranes closely associated with Rab27b, a marker of fusiform vesicles (9) .
Surprisingly, a significant number of intracellular E. coli, harbored within exocytic compartments of cultured BECs, were subsequently returned into the extracellular medium in piecemeal fashion (9) . Seemingly, BECs have the innate capacity to sense and expel infecting bacteria. Here, we sought to examine the specificity of this host cell response and elucidate the underlying mechanism. cellular bacteria. The intracellular bacterial numbers at this time (0 h) were assessed in one of the cultures. The other infected cultures were incubated in media containing the bacteriostatic agent trimethoprim (TMP)/sulfamethoxazole (SMZ) for 4 h. Thereafter, the intracellular as well as extracellular bacterial numbers were assessed. We found an appreciable drop in intracellular bacterial numbers at 4 h when compared with 0 h (Fig. 1B) . Interestingly, the number of bacteria found in the extracellular medium corresponded with the drop in intracellular bacterial numbers (Fig. 1B) , which is consistent with the notion that E. coli were exocytosed by BECs. To verify that the drop in intracellular E. coli numbers was not due to any loss of integrity of BECs, we compared lactose dehydrogenase (LDH) release from E. coli infected and uninfected BECs, and found minimal cellular damage in E. coli infected BECs (Fig. S1 ). Although the increase in intracellular numbers of S. typhimurium SL1344 and S. aureus 54 would suggest that BECs have limited capacity to kill intracellular bacteria ( Fig. 1 A) , we examined the intracellular E. coli numbers in infected BECs after their exposure to bafilomycin or ammonium chloride, agents known to inhibit bactericidal activity of host cells (11, 12) . We found no appreciable effect on intracellular bacterial numbers with either agent, confirming that the reduction in intracellular numbers of E. coli was not due to any bactericidal actions of BECs (Fig. 1C) . Thus, these studies show that BECs have the unique ability to exocytose infecting E. coli in nonlytic fashion, but not S. typhiumurium or S. aureus.
Because the above studies used immortalized human BECs, it was important to verify these observations employing primary human BECs and the clinical UPEC strain, CI5. We investigated whether freshly cultured human BECs from bladder biopsies would be able to expel intracellular UPEC. Primary BECs, cultured as described previously (13) (14) (15) , exhibited the characteristic features of primary BECs, including expression of uroplakin-1a (a marker of asymmetrical unit membrane), ZO1 (the junctional complex protein), and cytokeratin, all of which are hallmarks of terminal differentiation in superficial BECs (Fig. S2) . Primary BECs were infected with UPEC strain CI5 (16) and subjected to gentamicin treatment for 30 min. Fresh media containing bacteriostatic agents were then added to the infected cells. Four hours thereafter, intracellular and extracellular bacteria were assessed as described above. We found an appreciable (Ϸ11%) decrease in intracellular UPEC by 4 h (Fig. 1D) . As in the case of immortalized BECs, the extracellular bacteria population was comparable with the drop in the intracellular bacterial population by 4 h (Fig. 1D) . We also sought to investigate the dynamics of bacterial exocytosis by primary BECs employing video microscopy. For these studies, we used a GFP-expressing UPEC CI5. To distinguish its extracellular location from intracellular UPEC CI5, we added into the slide chamber of infected BECs an Alexa Fluor 546-conjugated E. coli antibody, which binds only extracellular bacteria, because it does not penetrate the BECs. Only bacteria that failed to stain with this antibody were judged to be intracellular and were videotaped. In this video, UPEC CI5 were exocytosed by primary BECs 3 h and 32 min after gentamicin treatment (Movie S1). The exocytic event took Ϸ10 min, and as the bacteria are exocytosed, they shed many membrane vesicles. Together, our observations reveal that, after infection, primary human BECs are capable of exocytosing UPEC, and that this process is a dynamic and relatively rapid event.
Expulsion of E. coli from Infected BECs Is cAMP Dependent. We hypothesize that a reason for why infected BECs exocytose E. coli and not other infecting bacteria is because E. coli are specifically harbored within fusiform compartments that are vesicles with distinct exocytic properties. Because regular exocytosis of fusiform vesicles in BECs depends on cAMP, bacterial expulsion from infected BECs would also be triggered by an increase in intracellular cAMP. To determine whether there was a relationship between intracellular cAMP levels and bacterial expulsion, we assayed intracellular cAMP levels in E. coli infected BECs (see black bars in Fig. 2A ), as well as extracellular bacteria at 0, 1, and 4 h postinfection (see gray bars in Fig. 2 A) . We found that cAMP levels in the infected BECs had significantly increased over baseline levels by 1 h and were at markedly higher levels (600% of baseline levels) by 4 h (see black bars in Fig. 2 A) . When we assessed extracellular bacterial levels at the same time points (see gray bars in Fig. 2 A) , we found there was a good correlation between intracellular cAMP levels in BECs and expulsion of E. coli (see black and gray bars in Fig. 2 A) . To demonstrate that bacterial expulsion requires cAMP, we used RNA interference techniques to knock down the enzyme responsible for cAMP production during E. coli infection of BECs, adenylyl cyclase (AC)3 (17) . The production of AC3 mRNA was decreased in AC3 knockdown (kd) BECs by Ϸ80% (Fig. 2B Inset) . We compared the ability of both sham transfected BECs and AC3 kd BECs with expel E. coli 4 h after infection. AC3 kd BECs were significantly less effective in expelling intracellular E. coli than control BECs (Fig. 2B) . Together, these observations suggest that as predicted, expulsion of intracellular E. coli by infected BECs depends on intracellular cAMP levels.
E. coli Expulsion from Infected BECs Is Initiated When Toll-Like
Receptor (TLR)4 Interacts with Bacterial LPS. Next, we sought to identify the bacterial component(s) responsible for triggering E. coli expulsion by BECs. We have previously reported that after exposure to E. coli or purified LPS, TLR4 on BECs initiates a distinct signaling response involving the activation of AC3 and culminating in a powerful cAMP response (17) . It is conceivable that LPS is the bacterial component triggering cAMP mediated E. coli expulsion from BECs, and that TLR4 is the critical cellular component initiating these events. To examine these possibilities, we added ultrapurified soluble E. coli LPS to 5637 BECs already infected with E. coli ORN103(pSH2) to see whether this agent would accelerate bacterial expulsion. Due to the possibility of lipoprotein contamination, we used ultra purified LPS in this study (E. coli 055:B5 LPS; Sigma). Treatment of BECs with LPS resulted in a significant increase in E. coli expulsion (Fig. 3A) . To further confirm that the LPS on E. coli was the primary bacterial determinant responsible for activating BECs, we sought to demonstrate the involvement of TLR4, the cognate receptor for LPS. We again used RNA interference to generate 5637 BEC transfectants whose TLR4 mRNA levels were reduced by Ϸ50% when compared with sham transfected BECs (Fig. 3B Inset) . As predicted, when compared with Extracellular E. coli
Fig. 2. Expulsion of E. coli from infected BECs is cAMP dependent. (A)
Intracellular cAMP levels were determined by a cAMP enzyme immunoassay either before or 1 or 4 h after E. coli ORN103(pSH2) infection of 5637 BECs. At the same time, the number of exocytosed E. coli ORN103(pSH2) was determined by sampling the extracellular media 1 and 4 h after gentamicin treatment. The increase in extracellular E. coli correlated to the increase in intracellular cAMP. (B) Control BECs and AC3 kd BECs were infected for 1h with E. coli ORN103(pSH2). After a 30-min gentamicin treatment, the E. coli ORN103(pSH2) infected BECs were incubated with a fresh medium containing bacteriostatic agents and D-mannose to prevent bacterial growth and reentry of bacteria, respectively. After 4 h, the medium was cultured for extracellular E. coli ORN103(pSH2), and revealed that AC3 kd BECs were significantly less effective in expelling intracellular E. coli ORN103(pSH2) than the control BECs. control BECs, bacterial expulsion from TLR4 kd BECs was markedly decreased by Ϸ50%, which is consistent with the decrease in TLR4 mRNA levels (Fig. 3B) .
To further implicate TLR4 in the expulsion of E. coli from infected BECs, we compared the exocytosis of WT E. coli W3110 and its LPS modified derivative E. coli MLK1067 from primary human BECs, prepared and cultured as described above. E. coli MLK1067 contains a mutation in the msbB gene such that its LPS has limited ability to activate TLR4 (18). We found that the level of expulsion of the msbB mutant by infected human primary BECs was markedly lower than the level observed with the WT E. coli W3110, which was reversed by pretreatment of human primary BECs with soluble E. coli LPS or the nontoxic LPS derivative monophosphoryl lipid (MPL)A (Fig. 3C) . Together, TLR4 modulates bacterial exocytosis from infected BECs, and is likely mediated by the same LPS-initiated signaling pathway that have been reported to increase intracellular cAMP within BECs (17) .
E. coli Exocytosis by BECs Depends on Rab27b and Caveolin-1.
To understand how TLR4 and cAMP were modulating bacterial exocytosis in infected BECs, we sought to identify components associated with the bacteria-harboring compartment that were essential for bacterial exocytosis. A recent study has shown that, after entry into BECs, E. coli became encased in membranes highly enriched in Rab27b, a marker of fusiform vesicles (9) . Rab27 mediates the regulated delivery and/or targeting of fusiform vesicles to the apical plasma membrane of BECs during bladder expansion (19) . Of the two Rab27 isoforms identified, human BECs express only the b isoform (19) . It has been reported that fusion of Rab27b enriched fusiform vesicles into the plasma membrane is a preceding event in the entry of E. coli into BECs (9) , and that subsequently intracellular E. coli are encased in Rab27b enriched membranes (9) . Caveolin-1, a component of the lipid and cholesterol enriched lipid microdomains, is a scaffolding and signaling molecule also found in membranes encasing intracellular E. coli in BECs (4). Caveolin-1 is linked to the mobilization of cellular cytoskeleton promoting bacterial uptake by BECs (4).
Because both Rab27b and caveolin-1 appear to be enriched in the membranes encasing intracellular E. coli, we investigated whether Rab27b and caveolin-1 were in any way colocalized and/or coassociated. Because caveolin-1 is typically found in cellular lipid raft microdomains, we investigated whether Rab27b was found in lipid raft fractions of BECs, and whether infection affected the location of either protein. To facilitate detection of Rab27b in BECs, we stably transfected 5637 BECs with GFP-Rab27b. We purified lipid raft fractions from 5637 BEC homogenates before and after exposure to E. coli ORN103(pSH2). After sucrose density gradient centrifugation, various BEC fractions were subjected to SDS/PAGE followed by Western blotting employing as probes antibodies to caveolin-1 or GFP. The lipid raft fractions were the light buoyant fractions (5-8) , where the majority of caveolin-1 was detected. Interestingly, GFP-Rab27b also appeared to colocalize in the same fractions as caveolin-1 in uninfected as well as infected BECs (Fig. 4A ). There also appeared to an appreciable shift in the location of the both caveolin-1 and Rab27b into the more buoyant fractions after E. coli infection (Fig. 4 A) . These observations reveal that caveolin-1 and Rab27b have similar distributions in BECs. To investigate whether caveolin-1 and Rab27b are physically interacting with each other, we attempted to immunoprecipitate caveolin-1 with GFP-specific antibodies in both uninfected and BECs infected with E. coli. As shown in Fig. 4B , GFP-specific antibodies precipitated caveolin-1 in uninfected and infected GFP-Rab27b BECs, but not in GFP BECs (Fig. 4B) . Consistent with this finding, shown in Fig. 4C is a confocal image of a GFP-Rab27b BEC probed with antibodies to caveolin-1 revealing similar cellular distribution of Rab27b and caveolin-1. Together, under steady state conditions, Rab27b are complexed with caveolin-1 in lipid raft domains of BECs, and these interactions are sustained after E. coli uptake.
In view of the interaction between Rab27b and caveolin-1, we investigated their contribution to bacterial exocytosis from BECs. We reduced Rab27b and/or caveolin-1 expression levels in regular BECs by using gene specific siRNAs. Compared with levels in sham siRNA transfected cells, protein expression levels of Rab27b and caveolin-1 were reduced by Ϸ57 and Ϸ80% in kd cells, respectively (Fig. 4D Inset) . We observed a significant decrease in bacterial exocytosis in caveolin-1 kd BECs and in Rab27b kd BECs compared with controls (Fig. 4D) . However, when we knocked down both Rab27b and caveolin-1, we did not observed any additive effect in the inhibition of E. coli expulsion (Fig. 4D) . Together, Rab27b and caveolin-1, two molecules previously reported to be enriched in the membrane encasing intracellular E. coli, appear to be coupled even in uninfected BECs and each of these molecules contribute to bacterial exocytosis.
E. coli Expulsion by BECs Requires MyRIP Activity.
To connect TLR4-initiated and cAMP-mediated signaling with bacterial expulsion mediated by Rab27b-caveolin-1 complexes, we searched for known intermediates of TLR4/cAMP signaling that could potentially interact with either Rab27b or caveolin-1. MyRIP (Slac2c) is a candidate of interest, because it is a scaffolding protein that has previously been shown to tether PKA, a well known downstream effector of the TLR4/cAMP pathway, to exocytic compartments by directly binding with Rab27b (20) . Interestingly, MyRIP (Slac2c) has previously been shown to mediate exocytic activities such as melanosome and insulin exocytosis and through its interaction with Rab27b (21, 22) . Conceivably, MyRIP serves as the link between the TLR4/cAMP signaling and the Rab27b/caveolin-1 complexes found localized on the fusiform vesicle membranes encapsulating bacteria. To see whether MyRIP associates with the Rab27b/caveolin-1 complexes in BECs, we performed a pulldown assay using Rab27-, MyRIP-, and PKA RII-specific antibodies. Control immunoblots demonstrated that equal levels of caveolin-1 protein were expressed in the cell extracts before and after infection (Fig. 5A Inset) . Interestingly, all these signaling molecules were coassociated with caveolin-1 in BECs even before infection and appeared even more so after infection with E. coli 103(pSH2) (Fig. 5A ). These interactions are highly specific, because when a pull-down assay was performed with a specific antibody to lysosomal marker Lamp1, no band was detected when probed for caveolin-1 on a Western blotting. To further demonstrate the functional contribution of MyRIP in E. coli expulsion by BECs, we examined the effects of knocking down MyRIP expression employing a gene specific siRNA on E. coli expulsion. MyRIP mRNA levels were reduced by Ϸ40% in MyRIP kd BECs (Fig.  5B Inset) , and levels of E. coli exocytosis were significantly dropped by 40% (Fig. 5B) . Together, MyRIP has a key role in modulating E. coli exocytosis by serving as a critical conduit for signaling between TLR4/cAMP pathway and the exocytic compartment housing intracellular bacteria.
Discussion
Here, we report that BECs have the capacity to expel intracellular bacteria, and that the critical sensory molecule responsible for bacterial expulsion is TLR4. Evidence implicating TLR4 comes from the observations that treatment of BECs with soluble LPS shows higher levels of E. coli expulsion compared with untreated BECs, and that knocking down TLR4 expression in BECs markedly reduces E. coli expulsion compared with controls. Also, the level of exocytosis of WT E. coli is markedly higher than an LPS mutant that fails to activate TLR4, and when its failure is rescued by LPS or MPL, the levels of exocytosis of LPS mutant E. coli are returned to the levels seen in exocytosis of WT E. coli (Fig. 3) . TLR4-mediated expulsion of E. coli by infected BECs is possible because cAMP is a major byproduct of TLR4 signaling (17) , and because the intracellular bacteria are harbored within specialized exocytic compartments that are primed to exocytose when intracellular cAMP levels become elevated (9) . The inability of BECs to expel intracellular S. typhimurium and S. aureus could be related at least in part to the fact that these bacteria are not housed in exocytic compartments, but in compartments that resemble traditional endocytic compartments (23, 24) .
Expulsion of intracellular E. coli by infected BECs represents a previously undescribed function for TLR4. In the UT, TLR4 is largely known for initiating the rapid and vigorous neutrophil responses to E. coli and other Gram-negative bacterial infections. On sensing LPS on infecting bacteria, TLR4 molecules on BECs and other uroepithelial cells trigger the release of inflammatory cytokines including neutrophil chemoattractants (17, 25, 26) . Although these recruited phagocytes are effective in clearing extracellular pathogens, they are largely ineffective in eliminating bacteria hidden within superficial BECs. Thus, TLR4 mediated expulsion of intracellular bacteria could be viewed as a mechanism to improve efficiency of neutrophil mediated bacterial clearance. A pull-down assay was performed using Rab27-, MyRIP-, and PKA RII-specific antibodies. A control immunoblot revealed that equal levels of caveolin-1 protein were expressed in the cell extracts before and after infection (Inset). All these signaling molecules were coassociated with caveolin-1 in BECs even before infection (UI) and after infection (EC), the coassociation became markedly more increased. (B) An E. coli exocytosis assay was performed to examine effects of MyRIP on bacteria expulsion. MyRIP mRNA levels were reduced by Ϸ40% in kd BECs (Inset), and levels of E. coli exocytosis were significantly dropped by 40%. * , P Ͻ 0.002 by unpaired t test when compared with control siRNA transfected BECs. Error bars represent SEM.
Although cAMP-dependent exocytosis of fusiform vesicles into the apical plasma membrane of superficial BECs is a normal physiological event, relatively little is known regarding the molecular machinery involved. From tracking the exocytosis of E. coli harbored in fusiform vesicles of BECs, we have uncovered the essential role of several new components in the signaling machinery leading to exocytosis of fusiform vesicles. First, we have identified the immune surveillance molecule, TLR4, on the plasma membrane of BECs as an activator of AC3 mediated production of intracellular cAMP. Second, we have revealed the critical role had by the scaffolding protein, MyRIP (Slac2c). This scaffolding protein was found bound to proteins comprising the fusiform vesicle membrane. We believe that MyRIP (Slac2c) serves to sequester PKA, a major product of cAMP signaling, to confine its phosphorylating activities to proteins in the immediate vicinity of the fusiform vesicle. PKA has previously been shown to promote vesicle fusion by phosphorylating various regulators of membranemembrane fusion events such as t-SNAREs (27, 28) . Third, bound to MyRIP (Slac2c) is Rab27b (a small GTPase) that we have shown to be important in bacterial exocytosis. Rab27b is believed to mediate regulated delivery of fusiform vesicles to the plasma membrane (19) . Last, caveolin-1 is another protein found in the membrane of fusiform vesicles coassociated with MyRIP (Slac2c) and Rab27b, and shown to be essential for fusiform vesicle exocytosis. Although most studies to date have suggested an endocytic role for caveolin-1 (4), there are certain indications for an exocytic role for this protein. For example, on phosphorylation caveolin-1 has been shown to promote trafficking and fusion of caveolin-1 enriched vesicles with the plasma membrane (29) . Thus, our studies have provided valuable information regarding the progression of signaling events leading to the exocytosis of fusiform vesicles. A schematic representation of the signaling interactions triggered by TLR4 leading to the exocytosis of E. coli from infected BECs is shown in Fig. S3 .
Our findings of TLR mediated bacterial expulsion from infected BECs, together with recent reports of TLR mediated rapid cytokine responses (17) and inhibition of bacterial invasion (16) , reveal a multifaceted response initiated by TLR4, which is directed at preventing bladder infections. That UTIs occur despite these antimicrobial actions of BECs argues that UPEC strains must have evolved effective mechanisms to counter or evade these activities. After bladder infections by UPEC, Hultgren and coworkers (6) have reported outgrowth of distinct morphological types, including filamentous and self-aggregated forms within the BECs. We did not observe any of these distinct morphological types of E. coli in our in vitro culture systems, presumably because they are only triggered by the stress associated with survival in vivo (6) . Nevertheless, this morphological plasticity exhibited by UPEC within BECs could be an adaptive measure to avoid expulsion from the host cell.
Last, our findings point to a previously undescribed strategy for the treatment of UTI, especially in cases that are refractive to antibiotic treatment. Conceivably, UTIs may be reduced by employing compounds BECs such as TLR4 ligands and activators of cAMP that promote exocytosis of intracellular vesicle encased bacteria from BECs. Indeed, we have demonstrated recently that treating infected mice with forskolin, a potent elevator of intracellular cAMP, can significantly reduce UTIs (9) . The possibility of expelling intracellular bacteria in nonlytic fashion as a form of treatment may have broad therapeutic implications, because most pathogens tend to seek intracellular refuge in at least one stage of the infectious process.
Experimental Procedures
For bacterial strains and cell lines, we used E. coli ORN103(pSH2) (chloramphenicol; 100 g/mL) (10), E. coli CI5 (10, 30, 31) , E. coli CI5 expressing GFP (ampicillin; 100 g/mL) (this study), E. coli W3110 (18), E. coli MLK1067 (chloramphenicol; 100 g/mL) (18), S. typhimurium SL1344, and Staphyloccocus aureus 54 (16) .
The human BEC line 5637 (ATCC HTB-9), 5637 AC3 kd cells (17) , and 5637 TLR4 kd cells (16) were grown in supplemented RPMI MEDIUM 1640 (Sigma) (16) . Human primary BECs were maintained in keratinocyte-SFM, containing recombinant epidermal growth factor and bovine pituitary extract (Invitrogen). All experiments were performed using 5-7 passaged human primary BECs.
Detailed methods and materials are described in SI Experimental Procedures. Bacterial Exocytosis Assay. The 5637 human BECs were seeded onto 96-well plates at a density of 4 ϫ 10 4 cells per well and incubated overnight. Bacteria were diluted in serum free culture media and were added to the monolayer at MOIs of 100:1 or 1,000:1. After 1 h, the cells were washed and treated with 100 g/mL gentamicin and 100 mM methyl ␣-D-mannopyranoside (Sigma) for an additional 30 min. Methyl ␣-D-mannopyranoside was added to media to prevent reattachment and entry of bacteria to BECs. The monolayer was then washed with fresh culture media containing 100 mM methyl ␣-D-mannopyranoside. Additional culture media (100 L) plus methyl ␣-Dmannopyranoside and bacteriostatic agents 25 g/mL trimethoprim (TMP) and 125 g/mL sulfamethoxazole (SMZ) (to prevent bacterial growth) were then added to each well and incubated with the monolayer for 4 h. The culture medium was collected, and the cell monolayer was washed with an additional 100 L of culture media with methyl ␣-D-mannopyranoside, which was also collected and pooled. Twenty-five microliters of the pooled culture media was plated on LB agar plates. The percentage of extracellular bacteria is determined relative to the intracellular bacterial titer at 0 h. The intracellular bacterial numbers at 0 h are expressed as total numbers of bacteria (100%). When exocytosis is normalized to a control, it is normalized by determining the percentage of extracellular bacteria relative to corresponding intracellular counts at 0 h. Because we noticed that the number of initial intracellular bacteria affects a ratio of bacteria exocytosis, we standardized initial numbers of intracellular bacteria. To make the initial number of intracellular bacteria similar among samples, 200 MOI bacteria for Rab27b siRNA BECs and 400 MOI bacteria for caveolin-1 siRNA BECs were added to the well of BEC culture. For human primary BECs, 1,000 MOI of bacteria were added to the wells. Similar initial intracellular numbers were verified by performing a bacterial invasion assay.
Supporting Information
Time Lapse Microscopy. To visualize bacteria, a plasmid expressing GFP (pSMC2) (1) was transformed into Escherichia coli CI5. Human primary BECs were cultured on a coverslip in 12-well plate and infected with 500 MOI of E. coli CI5 expressing GFP for 1 h. In 1 h, cells were washed with media containing 100 mM methyl a-D-mannopyranoside (Sigma) and treated with 100 g/mL gentamicin for 30 min to kill extracellular bacteria. Cells were washed and incubated in freshly prepared media containing methyl a-D-mannopyranoside to prevent reentry of bacteria for 3 h. Then, cells were set on a microscope to take a series of images. To distinguish extracellular bacteria from intracellular bacteria, infected cells were immunostained with an Alexa Fluor 546-labeled E. coli antibody before time lapse microscopy. An E.
coli antibody was prelabeled with Alexa Fluor 546 dye using an antibody labeling kit (Molecular Probes). Measurement of Intracellular cAMP Levels. The 5637 human BECs were seeded onto 6-well plates and grown overnight. The cells were uninfected or infected with 100 MOI E. coli ORN103(pSH2) for the indicated time points. The cells were washed four times with PBS to remove culture media, and lysed in 250 L of 0.1 M HCl for 10 min. After centrifugation, the supernatant was directly used for the cAMP assay. Intracellular concentrations of cAMP were determined using a cAMP enzyme immunoassay kit (Sigma) according to the manufacturer's instructions.
Creation of Toll-Like Receptor (TLR)4 and Adenylyl Cyclase (AC)3 kds.
RNA interference vectors were generated using pQCXIN retroviral vector (BD Biosciences). Briefly, pQCXIN was digested by BamHI and EcoRI and then was religated to generate pQCXIN1. Human U6 small nuclear RNA promoter was PCRamplified from pTZ U6 ϩ 1 (gift from John Rossi, Beckman Research Institute of the City of Hope, Duarte, CA) with added BglII site (5Ј ends), BamHI, and XbaI sites (3Ј ends). The PCR product was cloned to the BglII and XbaI sites of pQCXIN1 to generate pQCXIN-U6. The following oligonucleotides were ordered from Integrated DNA Technologies: TLR4a, 5Ј-GAT-CCGTTCCGATTAGCATACTTAGTTCAAGAGACTAAGTA-TGCTAATCGGAACTTTTTTT-3Ј, and TLR4b, 5Ј-CTAGAA-AAAAAGTTCCGATTAGCATACTTAGTCTCTTGAACTA-AGTATGCTAATCGGAACG-3Ј. The boldface and underlined sequences are forward and reverse sequences, respectively, which correspond to nucleotides 1026-1044 of the human TLR4 gene (GenBank accession no. U88880). The oligos were annealed to form double-stranded DNA and cloned into the BamHI and XbaI sites of pQCXIN-U6 to generate pSi-TLR4. The Amphopack-293 Cell Line (BD Biosciences) was used to produce the viral particles. Production of viral particles, infection of 
Movie S1 (GIF)
Movie S1. A series of time lapse images showing expulsion of E. coli from an infected BEC. Video microscopy was used to visualize exocytosis of bacteria from infected human primary BECs. Primary BECs were infected with E. coli CI5 expressing GFP for 1 h, after which gentamicin was added to the culture media to kill extracellular baceria. Infected BECs were then incubated in a fresh medium and used for video microscopy. Images shown here are representative images from three independent experiments.
